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FIOW Solver/ Computlng Platform CFD High Lift Prediction Workshop

OVERFLOW Version 2.2f

» Default Setup — Steady State, QCR off
« 3" order Roe upwind differencing

SA-RC turbulence model (SA-noft2 with rotation/curvature corrections)

full N-S, exact wall distance calculation, low Mach preconditioning

restart from lower o solution

fully turbulent boundary layer

> Additional Studies
e linear vs. nonlinear stress model via QCR

Pleiades Supercomputer
» SGI ICE cluster with >100,000 cores

» Medium grid cases run on 256 cores with 4 OpenMP threads
» 4.5 seconds per iteration, acceptable convergence reached after 20,000 iterations

* Roughly 24 hours of wall clock time needed per case

Quadratic Constitutive Relation (QCR)

Approach published by P. Spalart

Improve upon the linear eddy viscosity approximation by using a nonlinear stress term to model the Reynolds
stresses directly

Improves solution accuracy for corner flows compared to a linear (i.e., Boussinesq) eddy viscosity model



G ri d an d RU N M atrix CFD High Lift Prediction Workshop

Config 2: Brackets/Fairings Off (44 zones) Config 4: Brackets/Falrlngs On (163 zones)
Grid Points 1/N?B x 10°
— Coarse 29,386,628 1.050
Medium 69,014,980 0.594 Df'_t‘_"_?'_)
— Fine | 230,770,520 |  0.266 Jife
- Extra-Fine | 544,468,508 0.150 >4

1-to-2

1to-3

OVERFLOW Run Matrix

-mm Analysis Type

Case 1 A1, A2 A1, A2 A1, A2 A1 = Steady State, QCR off

A2 = Steady State, QCR on
Casciza Al 2 A3 = Unsteady, QCR off
Case 2b A1, A2 A4 = Unsteady, QCR on

e

Black font = data submitted for workshop
Red font = data not submitted for workshop

@_aafl,va" Slide 4 of 24




Convergence History
Case 1C, —

Grid Effect, QCR Off

CFD High Lift Prediction Workshop

Lift Coefficient

Lift Coefficient

F11 Config 2: Slat Brackets / Flap Fairings Off
Mach = 0.175, Reynolds number = 15.1 million
Fully Turbulent, Free Air
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Convergence History

Case 1 C, — Low Alpha Side-of-Body Flow Field
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DLR F11 Medium Grid
Contours of delta CL (iteraion 9971 - iteration 103500)

Medium Grid, a = 7°
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Lift change isolated to side-of-body
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Convergence History
Case 1 C, — QCR Effect

F11 Config 2: Slat Brackets / Flap Fairings Off

Mach = 0.175, Reynolds number = 15.1 million

Fully Turbulent, Free Air
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ReSUItS CFD High Lift Prediction Worksho

Test Case 1

Grid Convergence Study
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Test Case 1 — Grid Convergence Study AIAA_

Lift Trend With Grid Density CFD High Lift Prediction Workshop
DLR F11 Gonfig 2 Results ) )
@=7,QCRoff Grid Convergence Study: Lift o =16, QCR ol
----- a=7,QCRon ——>—— o = 18.5° QCR off

Slat Brackets and Flap Fairings Off
Fully Turbulent, Free Air

—a—— o =12° QCR oft ——<—— o = 20° QCR off

“ohot #=125QCRon Mach = 0.175, R, = 15.1 mill =215 QCR of
ach =U.170, Ry = 1o.1 million 4 =22.4° QCR off
2.8 : : : : : 3.6
2 g
i i ) pE NS S
SIS T S S B S S
pob A A A S £ 1) S S A A e A
i : : : : : . P ————— : ;
B ! ! ! ! >
20 _‘“"“““E"‘“t[‘-‘“_“.:i‘_“‘_”__‘“_“_“i ““““““““ i"""‘”'"é """""" 28 __"‘””‘“E"”; ““““ i ““““““““ i"""'"‘”i""""‘”é """""""
- - S— g----o-----v g : , o .
1.8_l | | i | | | i | | | i | | | i | | | i | | | 2.6_l | | i | | | i | | | i | | | i | | | i | | |
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
1/N?* x 10° 1/N?® x 10°

Using QCR for the lower angles, all lift trend lines are linear and relatively flat with
grid refinement - method appears to be 2" order accurate
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Test Case 1 — Grid Convergence Study
Lift Curve Comparison

CFD High Lift Prediction Workshop

3.3

DLR F11 Lift Curve Comparison

Slat Brackets and Flap Fairings Off
Fully Turbulent, Free Air

Mach = 0.175, Reynolds Number = 15.1 million

- A
3.2 * ETW, Run 238
41 | |——<—— coarse, QCR off

| |- -~ - - coarse, QCR on % Over-predicting C, at
3.0 F|——a—— medium, QCR off 74 higher alphas for all
59 k.|~ --= -~ medium, QCRon //% grid densities analyzed
281 ::EZ 822 Z: /é/ Explored the effect of
07| : % | QCR on stall

Tl // characteristics for Test
¢y 26 / / | Case 2a/b
25 27
i
- 7/

23| /4 o

I %
55 .

! 7 4
21T Y/ With QCR, linear portion of lift curve
2.0 2 is more consistent across grid size
1'96 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

o (deg)
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Test Case 1 — Grid Convergence Study AFTAA

AN IaEmAY BN B
T —_ (0] CFD High Lift Prediction Workshop
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ReSUItS CFD High Lift Prediction Worksho

Test Case 2
Reynolds Number Study
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Test Case 2 — Reynolds Number Study |AFAA_
Lift Curve Comparison: Effect of Brackets / Fairings © igh it Prediction Workshop

DLR F11 Lift Curve Comparison
Medium Grid Results
Fully Turbulent, Free Air
Mach = 0.175, Reynolds Number = 15.1 million

3.3

i A
3.2 H—e— ETW, Run 238 A3 QCR Off:
3.1 || ——o—— brackets/fairings off, QCR off {:,/ brackets /fairings
a0l -o- - - prackets/fairings off, QCR on / do not alter stall
" [| ——e—— brackets/fairings on, QCR off /cr/':/ % NN AN behavior
29 M- - -o - - brackets/fairings on, QCR on / ] & \\
i i J QCR On:
28 brackets / fairings
2.7 force stall at 22.4°
26
) i
2.5
2.4
2.3
2.2
2.1
20 1 Brackets and fairings reduce lift
1.9 ks across the full alpha range
1.8 . :

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

o (deg)
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Test Case 2 — Reynolds Number Study
Lift Curve Comparison: Effect of Reynolds Number °® i i reeon Worshop

I
~
>
P

Slat Brackets and Flap Fairings On, Medium Grid Results

DLR F11 Lift Curve Comparison

Fully Turbulent, Free Air

Mach = 0.175

3.4

| | —a—— RN=15.1, QCR off /R/«D/”
3.0 - - -o- - - RN=15.1, QCR on 2 < With QCR, better

" |--—--e-—- LSWT, Run 29293 o _1 agreement at higher
28 F

| |——o—— RN=1.35, QCR off alphas for both
26 |- - - - - RN=1.35, QCR on .| Reynolds numbers

¢y 2.2 A
2.0 2
2

1.8 /VM/

i o
15 /// <

I i Reynolds number effect on lift

1.4 % .
// over-predicted for some alphas

1282
1 .0 (1 1 1 1 1 1 1 1 1 1 1 1

0 2 4 6 8 10 12 14 16 18 20 22

o (deg)
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Test Case 2 — Reynolds Number Study AFAA
EffeCt Of QCR at ngh AOA RN — 151 mllllon CFD High Lift Prediction Workshop

Medium Grid Results
Mach =0.175

| | —e—— ETW, Run 238 N
39 b—o— RBRN=15.1, QCR off
---o- - - RN=15.1, QCR on
[ |----—e---- LSWT, Run 29293 /éh
3.0 M| ——s—— RN=1.35, QCR off - \J"
|- - -= - - RN=1.35,QCRon |8~ AN
2.9 v

-4
==l o RS
P - ‘&
25
2.4 L 1 1 L 1 L
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Test Case 2 — Reynolds Number Study | ATA A
EffeCt Of QCR at H[gh AOA RN — 135 mllllon CFD High Lift Prediction Workshop

Medium Grid Results
Mach =0.175

L | ——e—— ETW, Run 238

39 b|l—=— RBRN=15.1, QCR off

|- - -~ RN=15.1, QCR on
———-—= | SWT, Run 29293

30— o RN=1.35, QCR of - S

- -~ —& - - RN=1.35, QCR g’ AN
) Za )

' "6 17 18 19 20 21 22 23 24
o (deg)




- LSWT Run 29317
Ty RN = 1.35 mil
- iy o =18.5°
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S LSWT Run 29317
T RN = 1.35 mil
| o =21°




3.2

F——— ETV;I, Run 23=8 —
Test Case 2 — ReynOIdS Number StUdy o He A-te g
Minimum Cp Comparison 50 1o vt OcRon| |
Based on J. P. Mayer’ s 0.7 vacuum correlation where * et N
M2. C, = -1 was found to be an upper bound from o 28 P
NACA test data: s e |
» Computed stall boundary does not appear to be 26 ‘_:_;.,..?:: e
driven by high suction peaks LT ' &
» This fact together with the subtle round-over 9 | l’\]

character of the lift curve suggest main element stall

is driven by TE separation

Mach = 0.175 / Slat Brackets and Flap Fairings On / Medium Grid / QCR on

Slat

-26 - -26
24 -24
22 -22
20 -20
18 18
A6 -16
£-14 14

Q =
QO 12k 12
-10pF 10
-8 -8
6 -6
4 4
2k 2

1 PR | PR | a1 PR | PR | a1 PR |

%.0 01 02 03 04 05 06 07 08 09 1.C %

Semi-Span (Y/h/2)
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Main
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Semi-Span (Y/b/2)
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26
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-20
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16
14

Flap

0.7 vacuum {M° Cp = -1)
Hi Re, alpha = 21 deg
HiRe, alpha = 224 deg
Lo Re, alpha = 18.5 deg
Lo Re, alpha = 20 deg
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Pressure Difference Rule

Test Case 2 — ReynOldS Number StUdy Valarezo, W. O., Chin, V. D., “Method for the

Prediction of Wing Maximum Lift,” Journal

Pressure Difference Rule for Main Element ot Aircrat vol. 31, No. 1, Jan-Feb 1994

Mach = 0.175
RN = 15.1 million

- - - - ACp limit for 78% semi-span

—_—-— brackets/fairings off, alpha = 22.4 deg

brackets/fairings off, alpha = 21 deg

brackets/fairings on, alpha = 21 deg

10 ~ — == brackets/fairings on, alpha = 22.4 deg
=Y Limiting Cp difference
i between peak and TE
g L suggest main element
g stall triggered by local
g | spike from slat bracket.
1 7 —
E:
g |
jol
O 6
D
m -
<
oo
O
% i
4 |- \ ’
i o \
3 - : { )
i L
! I ! ] 1 l I ! l ! 1 ! EIJ ! l ! I
0.0 0.1 0.2 0.3 0.4 0.5 0.8 0.7 0.8 0.9 1.0
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Test Case 2b — Reynolds Number Study AFAA_

Pitching Moment and Drag Polar Comparisons CFD High Lift Prediction Workshop
3.2 |
a0} = Bl e S Ny
28| a’ mossor e O . Good agreement in CM at two lowest
26| alphas of 0 and 7 degrees.
2.4
sal > Pitching moment for alphas of 12
o through 21 degrees significantly more
O 20 .
ol nose-down compared to experiment.
Tt Reynolds Number = 15.1 million
1.
’ - —— ETW, Run 238
A £ ---a--- brackets on, QCR on
1.9 | 390 ,
i | Reynolds Number = 15.1 million
1.0 4 :
. h\“‘- o %0 —e—— ETW, Run238 I
0860 0.58 -0.56 0.54 0.52 0.50 0.45 0.46 0.44 -0.42 -0.40 -0.38 0.36 0.3 o8 | |---a--- brackets an, QCR on . -
C, '
26
2.4
» Drag polar is rotated compared to 22
ETW data with very good < ol
agreement at 0 degrees and ~300
counts more drag computed at "er
alpha = 16 degrees. 1.6
1.4
1.2
@Bﬂ[lﬂﬂ 1'%.05 I 0.10 ] 0.15 I 0.20 | 0.25 | 0.30 | 0.35 I 0.40 I 0.45
C



DLR F11 OVERFLOW Analysis AFTAA
COnCIUSionS CFD High Lift Prediction Workshop

» Uniform grid refinement does not have a big effect on pressures or stall

» QCR had a significant effect at both low and high angles of attack
« alters off-body flow field at side-of-body for 7° and 12°
« forces stall to occur at 22.4° for high RN and 20° for low RN

» Trailing edge stall occurs on the main element with full-chord separation at:
« Experiment 2> ~50% semi-span or behind slat bracket #5

« OVERFLOW - ~80% semi-span or behind slat bracket #6

» More study is needed to determine why we missed the critical wing station

F11 stall characteristics driven by interaction between bracket wakes and
main element boundary layer

Trap Wing exhibits leading edge stall and we saw better agreement

Trailing edge stall appears to be more challenging to accurately predict
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DLR F11 OVERFLOW Analysis ATAA
Future Work CFD High Lift Prediction Workshop I

» Effect of pressure tube bundles

» Time accurate analysis

» Boundary layer transition

\\ bracket #6

Brackets 6 and 7 have
two pressure tube bundl
on either side

» Extra-fine grid issues
» Grid adaption

Brackets 1-5 have one



ACkn OWI eg men tS CFD High Lift Prediction Workshop

Grid Generation
> Neal Harrison and Yoram Yadlin, Boeing

Grid Consultation
> John Vassberg, Boeing
> William Chan, NASA Ames

Post-Processing
> Feng Jiang, Boeing

General Support/Consultation
» Jeff Slotnick and John Vassberg, Boeing
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CFD High Lift Prediction Workshop

Thank You!
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Steady State Convergence History AIAA
Case 1 ReSiduaIS CFD High Lift Prediction Workshop

F11 Config 2: Slat Brackets / Flap Fairings Off
Mach = 0.175, Reynolds number = 15.1 million
Fully Turbulent, Free Air

Medium Grid, a = 16°

0r 3~
Flow Solver Turbulence Model
aL Residuals oL Residuals
wing_tipcap, 1.7
2k 1
on 3 K box_mid,-28 ¢ |
I
c - |
|- w
g -4 —v -1F
g + W7 i
N gl e oL
s | | _
2 [\
a 6 B 1 i o 3+
1 wl ‘ i3 .3): nik...‘..y,""'. s
i lwn\ Tl el m ji i r
.l T v N——————— Al
o ! e o v i \
i ¥ I'I "ﬂlWM‘WH'-"(""'.-my‘ll["|I|'|f.'!uﬂnl.'m ‘\'-,If|ul"h‘[.l‘l||- gl H“i‘.‘|.‘||:"'t'f”’”ll\.‘ll'| i\'i’“lﬂl'l“.;Hl""‘?‘i‘rl ‘.-q;l»“-‘llm‘ﬂ lat t 8.0 i body_nosecap, -4.4
8l slat_tecap, -8. 5
_9 L | L 1 L | L | I | I | _6 L 1 L | I 1 I 1 L | L |
0 20000 40000 60000 80000 100000 120000 0 20000 40000 60000 80000 100000 120000
Iteration lteration




Test Case 1 — Grid Convergence Study AFAA_

Drag Trend With Grid Density CFD High Lift Prediction Workshop
o OCR off DLR F11 Config 2 Results )
@=7,QCRe Grid Convergence Study: Drag o #=16,QCRof
-—_——-- = 705 QCR on SI B k d FI F . Off —_—L— = 18.505 QCR oft
40 at Brackets an dp rairngs o _opo
——— ®=12, QCRoff Fully Turbulent, Free Air — & =20, 0CRoff
---&-- ¢=12°%QCRon Mach 175 R — 151 mill ——— «a=21° QCR off
ach =0.175, Ry = 15.1 million ——<—— a.=22.4° QCR off
035 : : : : : 050
. —IEF-
: o =
025 7| SRS RV N S SN
o | : ﬁ_'_?_""—"'_‘*‘* ' —a o | PN - ' PN
o - : E : : : O : : . . :
e e R R e e e
i G : "-'L : —a i . : K ! !
] SR S S S R N
0-10 i | | | i | | | i | | | i | | | i | | | i | | | 0'25 i | | | i | | | i | | | i | | | i | | | i | | |
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
1IN x 10° 1/N?® x 10°

With a relatively large drag scale (major tick = 500 counts), data form nearly straight

lines as the grid is refined.
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Test Case 1 — Grid Convergence Study AFAA_

Pitching Moment Trend with Grid Density CFD High Lift Prediction Worksho
. DLR F11 Gonfig 2 Results ) )
T o @=7T,QCRoM | 5ld Convergence Study: Pitching Moment |~ =16 QCRofl

---0--- g=7,QCRon ——>—— o =18.5°, QCR off
Slat Brackets and Flap Fairings Off

—a—— o =12°% QCR off Fully Turbulent, Free Air —<O—— o = 20°, QCR off
---&-- ¢=12°%QCRon Mach = 0.175. R = 15.1 mili ——— «a=21° QCR off
ach =u.179, Ry = T1o.1 million 4 =22.4° QCR off
-0.55 : : : : : -0.52
-0.56 -0.53
-0.57 -0.54
-0.58 -0.55
¢50.59 ¢ 50.56
-0.60 -0.57
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_0-63 i | | | i | | | i | | | i | | | i | | | i | | | _0'60 I | | | i | | | i | | | i | | | i | | | i | | |
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
1/NZ° x 10° 1/NZ x 10°

Pitching moment trends are not linear with the highest alphas changing slope
between medium and fine grid levels.
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Test Case 1 — Grid Convergence Study AIAA_
Pitching Moment and Drag Polar Comparisons CFD High Lift Preciction Workshop

B Reynolds Number = 15.1 million a
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Test Case 1 — Grid Convergence Study @éggég

Brackets/Fairings-Off Surface Streamlines: FINE CFD High Lift Prediction Workshop
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Test Case 2a — Reynolds Number Study
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Convergence History _
Case 1 C, — Low Alpha Side-of-Body Flow Field CFD High Lft Prediction Workshop

F11 Config 2: Slat Brackets / Flap Fairings Off
Mach = 0.175, Reynolds number = 15.1 million
Fully Turbulent, Free Air

Medium Grid, o = 7°

delta StagPres = -.002
Iso Surface delta StagPres

0.002

I 0.000

-0.002



